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pMaya Angelou once said, “love is like a virus” (Ange-
lou, 1995). Indeed, viruses, like love, sometimes require
chaperones (of the molecular variety) to foster proper
development. Molecular chaperones play an important
role in the life cycles of a diverse array of viruses. This is
perhaps not surprising given the numerous cellular ac-
tivities that involve chaperones, and the dependence of
viruses on host apparatuses for their propagation. This
review is intended to introduce the reader to some viral
activities where chaperones play a role, as well as to
provide examples of the better studied virus–chaperone
interactions. In-depth reviews of chaperones and their
functions can be found elsewhere (Brodsky, 1996; Buch-
ner, 1999; Bukau and Horwich, 1998; Cheetham and
Caplan, 1998; Ellis, 1999; Frydman and Hohfeld, 1997;
Georgopoulos and Welch, 1993; Hartl, 1996; Kelley, 1999;
Zuber et al., 1998).
Molecular chaperones were originally defined as
structurally unrelated classes of proteins that mediate
the correct assembly of other proteins, but are them-
selves not part of the final product (Ellis, 1987).
Through the controlled binding and release of target
substrates, chaperones facilitate the function of other
proteins (Hartl, 1996; Hendrick and Hartl, 1995). Early
studies of chaperones demonstrated their transcrip-
tional up-regulation in times of cellular stress, such as
exposure to extreme temperatures or chemical dena-
turants, thus providing a protective function against
protein denaturation. It is now apparent that most
chaperones are constitutively expressed and are up-
regulated in times of stress. The number of known
cellular functions that require chaperones in non-
stressful situations has grown to include protein fold-
ing/unfolding, oligomeric assembly/disassembly, pro-
tein transport across membranes, protein degradation,
1 To whom correspondence and reprint requests should be ad-
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1protein deaggregation, vesicle transport along micro-
tubules, and viral specific activities such as virion
assembly. Most of these functions are accomplished
through the action of ATP hydrolysis by a particular
chaperone and regulation of this reaction by various
partner cochaperones. For example, the Hsc70 (DnaK)
family of proteins binds to a target substrate and
undergoes an ATP hydrolysis-dependent conforma-
tional change, which in turn, may be passed on to alter
the conformation of the bound substrate. When regu-
lated by different cochaperones, such as the Hsp40/
DnaJ family of proteins, this basic mechanism per-
forms multiple varied tasks, some of which are men-
tioned above. Hsc70 is constitutively expressed, and
Hsp70, a functional and structural homolog of Hsc70,
is expressed in times of stress. DnaJ-like proteins
recruit specific substrates to Hsc70 and bind directly
to Hsc70—stimulating its ATPase activity. Other
classes of chaperones include the Hsp90-like proteins
and the chaperonins. These proteins are involved in
ATP-dependent reactions and assist in numerous cel-
lular functions, including protein folding and signal
transduction, sometimes in cooperation with the
Hsc70s (Buchner, 1999; Bukau and Horwich, 1998;
Feldman and Frydman, 2000).
Many examples of viral-induced expression of cellular
chaperones such as Hsc70, Hsp40, and Hsp90 have
been observed (Brenner and Wainberg, 1999; Collins and
Hightower, 1982; Glotzer et al., 2000; Khandjian and
urler, 1983; LaThangue and Latchman, 1987, 1988;
aThangue et al., 1984; Melcher et al., 1999; Morozov et
l., 1995; Nevins, 1982; Phillips et al., 1991; Sainis et al.,
994; Sedger et al., 1996; Sedger and Ruby, 1994; Simon
t al., 1988, 1999; Williams et al., 1989; Wu et al., 1986).
owever, in some cases it is difficult to determine
hether these chaperones are directly required for viral
unction, or alternatively, are induced indirectly from the
tress caused by infection. Polyomaviridae [examples,
olyomavirus and simian virus 40 (SV40)] infection in-
uces an increase in Hsc70 protein levels (Khandjian
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2 MINIREVIEWand Turler, 1983; Sainis et al., 1994). Hsc70 binds to
olyoma capsid proteins (Cripe et al., 1995) and has
een implicated in SV40 T-antigen (viral protein ex-
ressed early during infection) transforming functions at
east in vitro (Sullivan et al., 2000a), which suggests that
he induction of increased levels of Hsc70 in the cell
uring infection may help facilitate viral functions. How-
ver, the clearest demonstration of a viral dependence
n chaperone induction comes from research on the
vian adenovirus CELO (Glotzer et al., 2000). Hsc70 is
ranscriptionally up-regulated by adenovirus and has
een implicated in viral DNA nuclear import and binding
o capsid proteins (Niewiarowska et al., 1992; Saphire et
l., 2000). The CELO genome encodes for Gam1, a pro-
ein that elevates both Hsp70 (Hsc70-like protein) and
sp40 (DnaJ-like protein) levels in infected cells. Viruses
T
Viral Utilizat
Virus Chaperone Type
Polyomaviridae T antigens Viral J protein
Molluscum
Contagiosum
MC013L Viral J protein
Phage Bxz1 gp197 Viral J protein (puta
Closteroviridae Hsp70h (p65) Viral Hsc70
Phage T4 Gp31 Viral GroES chaper
Phage RB49 CocO Viral GroES chaper
Phage l DnaK/DnaJ/GrpE Host Hsc70/host J
GroEL/GroES Host chaperonins
Influenza P58IPK Host J protein
HIV-1 Hsc70, others Host Hsc70
Hepatitis B Hsc70 Host Hsc70
Hsp90 Host Hsp90
HTLV-I Hsc70 Host Hsc70
Papillomavirus Hsp70/HDJ-1/HDJ-2 Host Hsc70/host J
proteins
hTid-1 Host J protein
Adenovirus Hsc70/Hsp40 Host Hsc70/host Jutant for expression of Gam1, and therefore unable to dnduce increased levels of chaperones, are replication
efective. However, increasing chaperone levels via heat
hock or exogenous expression of Hsp40 partially re-
tores viral replication competency. This definitively
emonstrates that up-regulation of the chaperone ma-
hinery is required for some viral functions and is not
imply an indirect consequence of the stress induced by
nfection.
Some viruses such as CELO or the bacteriophage
ambda (see below) that do not encode for their own
haperones, require the host cellular chaperone machin-
ry to function (see Table 1). Alternatively, a number of
iruses, including the Polyomaviridae and Closterovi-
uses, encode for viral-specific chaperones in their ge-
omes (DnaJ and Hsc70 homologues, respectively). Ex-
mples of a number of chaperone-enhanced or -depen-
haperones
Function References
Viral DNA replication,
transformation, virion
assembly
(Brodsky and Pipas, 1998;
DeCaprio, 1999)
Inhibits hormone
receptor-mediated
transactivation
(Chen et al., 2000; Moratilla
et al., 1997)
Viral DNA replication? (G. Hatfull, personal
communication)
Viral movement, virion
assembly
(Agranovsky et al., 1991;
Peremyslov, et al., 1999;
Satyanarayana et al., 2000)
Capsid maturation (van der Vies et al., 1994)
Capsid maturation (Ang et al., 2000b)
Viral DNA replication (Alfano and McMacken, 1989;
Ang et al., 2000a;
Hoffmann et al., 1992;
Zylicz et al., 1989)
Capsid maturation
Down-regulates PKR (Melville, et al., 1999, 2000;
Melville et al., 1999)
Present in virion—
function unknown,
Hsc70 binds gag,
associated with viral
transcription
(Brenner and Wainberg, 1999;
O’Keefe et al., 2000)
Viral morphogenesis,
Hsc70 binds L
protein, viral
replication
(Cho, et al., 2000; Hu and
Seeger, 1996; Hu, et al.,
1997; Prange, et al., 1999)
Hsp90 binds HBV
polymerase
Cell fusion, binds gp46 (Fang et al., 1999)
Viral DNA replication,
facilitates E1 binding
to origin
(Liu et al., 1998; Schilling et
al., 1998)
hTid-1 binds to E7
Viral DNA nuclear
import, viral
replication
(Glotzer et al., 2000; Saphire
et al., 2000)ABLE 1
ion of C
tive)
onin
onin
protein
proteinent viral activities are presented below.
e3MINIREVIEWViral DNA replication
The roots of much of our understanding of the Hsc70
and chaperonin classes of chaperones come from re-
search that identified bacterial genes that are essential
for phage l plaque formation. DnaK, the Escherichia coli
Hsc70, and its cochaperone DnaJ (the prototype DnaJ-
like protein), are required for phage l DNA replication.
Work using defined in vitro systems (Alfano and Mc-
Macken, 1989; Zylicz et al., 1989) produced a model in
which a multicomponent preinitiation replication com-
plex, composed of both phage l-encoded and E. coli-
ncoded proteins, assembles at the l origin of replica-
tion with the assistance of DnaJ (see Fig. 1A). DnaK then
can associate with this complex, hydrolyze ATP, and
FIG. 1. Phage l DNA replication. The l DNA origin of replication is re
E. coli helicase DnaB (B) protein by promoting complex formation wit
(stimulated by DnaJ) releases the complex allowing B to unwind the DNA
and McMacken, 1989; Zylicz et al., 1989). SV40 T antigen disruption o
represented by “pRB” and “E2F.” In this model (Srinivasan et al., 1997),
pries apart the pRB-E2F multiprotein complexes which requires the act
al., 2000a) to disrupt pRB-E2F complexes. Factor C may posttranslation
each other by the action of Hsc70. An alternative possibility is that facto
member may be targeted for degradation (Stubdal et al., 1997), t
Closteroviruses encode for a homolog of Hsc70 (70h). Deletion of Hsp
virions that are defective for transmission, thus implicating a functionarelease the multiprotein complex, allowing Helicase B tounwind the DNA so that replication can proceed (dia-
grammed in Fig. 1).
Chaperones also assist in promoting DNA replication
of the Papova (Polyomaviridae and Papillomaviridae)
small DNA tumor viruses. The Polyoma family of viruses,
including both polyoma and SV40, encode for T antigen.
T antigen is a large, multidomain, multifunctional protein
that is expressed early during infection and is directly
involved in DNA replication. Additionally, T antigen is
necessary for the transcriptional up-regulation of the
cellular enzymes required for DNA replication (see be-
low). T antigen contains a J domain, the hallmark of the
DnaJ-like proteins, which is responsible for binding to
and stimulating the ATPase activity of Hsc70 (Brodsky
ed and bound by the lO protein (O). The lP protein activates the host
d the E. coli chaperones DnaJ (J) and DnaK (K). DnaK ATP hydrolysis
w access for several other E. coli proteins to replicate the DNA (Alfano
2F family complexes. The multiple pRB and E2F family members are
en recruits Hsc70 to pRB to directly act as a molecular machine that
n additional unknown cellular factor (C, for cellular factor) (Sullivan et
dify pRB or E2F (denoted with asterisks) after they are separated from
enhance the activity of Hsc70 directly. Once separated, the pRB family
venting its reassociation with E2F. Closterovirus virion assembly.
mutants in the ATPase domain of Hsp70h produce small, incomplete
or this protein in virion assembly (Satyanarayana et al., 2000).cogniz
h O an
to allo
f pRB-E
T antig
ion of a
ally mo
r C may
hus pre
70h or
l role fand Pipas, 1998). Mutation of the J domain of T antigen
i
n
e
J
f
t
r
g
r
(
t
c
e
o
t
s
r
c
t
R
r
g
s
h
D
k
c
n
a
m
p
b
t
(
g
(
T
t
(
B
s
c
E
o
P
(
t
d
S
b
f
e
a
s
Z
a
m
h
d
t
k
i
g
a
D
b
t
m
a
d
c
d
u
o
w
M
t
t
o
t
e
t
p
l
l
p
(
i
P
R
M
e
t
t
r
p
V
s
w
t
m
4 MINIREVIEWrenders it defective for viral DNA replication in the cell
(Campbell et al., 1997; Pipas et al., 1983). Interestingly, in
n vitro replication assays consisting of defined compo-
ents, J domain mutants replicate with near wild-type
fficiency (Weisshart et al., 1996, P. G. Cantalupo and
ames M. Pipas, unpublished data). Currently, we do not
ully understand these observations but cannot rule out
he possibility that the J domain of T antigen may be
equired for the transcriptional activation of cellular
enes (see below) and thus its requirement for viral DNA
eplication is indirect. In another example, binding of E1
the papillomavirus helicase replication initiator protein)
o the origin of replication is enhanced by the cellular
haperones Hsp70 and the DnaJ-like protein Hsp40 (Liu
t al., 1998). Furthermore, incubation with these chaper-
nes in a cell-free papillomavirus DNA replication sys-
em increased the overall replication efficiency of the
ystem. Thus, particular prokaryotic and eukaryotic vi-
uses depend on the Hsc70/DnaJ-like chaperone ma-
hine for proper assembly/disassembly of the preinitia-
ion DNA replication complexes.
egulation of gene expression
There are many examples of chaperone-mediated viral
egulation of transcription for both cellular and viral
enes. Due to the limitations of a small genome, SV40,
imilar to other small DNA tumor viruses, relies on the
ost machinery to perform many of its functions such as
NA replication. SV40 is tropic to nondividing cells of the
idney; therefore, it has evolved mechanisms to drive
ells to enter into the cell cycle to make the enzymes
ecessary for replicating its genome. One way SV40
ccomplishes this is through the SV40 large T antigen-
ediated release of the transcriptional repression of
RB-E2F complexes (reviewed in DeCaprio, 1999). When
ound by pRB (or related proteins p130 or p107), the
ranscription factor E2F is repressed; however, “free” E2F
not bound to pRB) drives the transactivation of many
enes required for entry into S phase of the cell cycle
reviewed in Dyson, 1998; Nevins, 1998). The J domain of
antigen is required in addition to its pRB binding motif
o transform cells by alleviating pRB’s repression of E2F
Srinivasan et al., 1997; Stubdal et al., 1997, reviewed in
rodsky and Pipas, 1998). Therefore, a model has taken
hape in which the chaperone activity of the J domain in
ombination with the action of Hsc70 releases pRB from
2F in a manner that involves changing the conformation
f pRB or other members of the complex (Brodsky and
ipas, 1998; Srinivasan et al., 1997; Sullivan et al., 2000a)
see Fig. 1). Expression of J domain mutants in cells fails
o disassemble a pRB family-E2F complex that is readily
issociated by wild-type T antigen (Harris et al., 1998;
ullivan et al., 2000b; Zalvide et al., 1998). Furthermore,
iochemical evidence demonstrates the release of E2From pRB (and related proteins) bound to T antigen is snhanced by Hsc70-mediated ATP hydrolysis (Sullivan et
l., 2000a). Additionally, T antigen regulates the tran-
cription of the SV40 late genes (Keller and Alwine, 1985;
hu et al., 1991) and some PolIII promoters (Cavender et
l., 1999), and both of these activities are inhibited by
utations in the J domain, suggesting that Hsc70 (or a
omologous protein) is required for these activities. The
etails of how the J domain is involved in transactivating
he SV40 late promoter and PolIII promoters are not
nown.
Molluscum Contagiosum is a DNA poxvirus circulating
n the human population that induces skin lesions. Its
enome encodes for MC013L, which displays significant
mino acid similarity to DnaJ, suggesting it is a functional
naJ-like protein (Moratilla et al., 1997). Using in vitro
inding and reporter assays, Chen et al. (2000) showed
hat MC013L interacts with the glucocorticoid and vita-
in D receptors to down-regulate their transcriptional
ctivity. This may result in an inhibition of keratinocyte
ifferentiation, thus promoting a cellular environment
onducive to viral replication activities. The role of the J
omain in this transcriptional regulatory process is neb-
lous since point mutants in highly conserved residues
f the J domain down-regulate transcription as well as
ild-type MCO13L. Therefore, it is possible that
C1013L may have additional, undiscovered functions
hat rely on its J domain. Alternatively, since these mu-
ants were not tested to determine whether in the context
f MCO13L they are fully depleted for chaperone func-
ion, it is a formal possibility that these mutants retain
nough chaperone activity to function in the in vitro
ranscription assays performed.
In addition to transcriptional regulation of gene ex-
ression, at least one virus utilizes chaperones to regu-
ate translation. Influenza viral infection induces a cellu-
ar J-protein, p58IK, to interact with a multiprotein com-
lex including Hsc70 and Hsp40 to down-regulate PKR
protein kinase-RNA activated) (Melville et al., 1999). PKR
s a common target of many different viruses because
KR inhibits translation in response to double-stranded
NA (a common by-product of viral infection, reviewed in
elville et al., 2000). Through the use of multiple chap-
rones, influenza virus inhibits PKR to allow the transla-
ion of proteins necessary for infection. Thus, through
ranscriptional and translational regulation, multiple vi-
uses use chaperones to alter gene expression and
romote their replication.
irion assembly
Based on the guilt by association premise, there are
everal examples that have not been formally proven
here chaperones may be involved in virion assembly or
ransfer. For example, Hsc70 may assist in human im-
unodeficiency virus I (HIV-1) virion assembly or entry,ince Hsc70 is found enclosed in the HIV-1 virions (Bren-
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5MINIREVIEWner and Wainberg, 1999). Additionally, Hsc70 has been
implicated in promoting the cell fusion activities of hu-
man T-cell lymphotropic virus type I (HTLV-I) (Fang et al.,
1999).
As mentioned earlier, the chaperone activities of the
Polyoma family of viruses are essential for both viral DNA
replication and transcriptional regulation. There are sev-
eral classes of SV40 T antigen J domain mutants (Brod-
sky and Pipas, 1998). One class is defective for both DNA
replication and transformation, while another class
transforms with partial efficiency but is unable to repli-
cate the viral genome. Since both driving the cells into S
phase and replicating the genome are required before
the final step of virion assembly, it is impossible to
determine whether these J-domain mutants are able to
assemble productive virions. However, there is a third
type of J domain mutant that is able to partially transform
cells and replicate the SV40 genome (Peden et al., 1990),
ven though in heterologous complementation assays
his mutant lacks a functional J domain (J. V. Vartikar and
. L. Kelly, unpublished observations). Using this mutant
n in vitro sedimentation assays, which measure the
arious intermediate stages of virion assembly, it was
hown that the J domain of T antigen is required to
ompletely assemble the final SV40 virion (Spence and
ipas, 1994a,b). Additionally, Hsc70 associates with the
apsid proteins of both polyomavirus and SV40, implying
role for the Hsc70/DnaJ machine in virion assembly
Cripe et al., 1995; Sainis et al., 2000). Thus, it becomes
apparent that many T antigen functions requiring the
rearrangement of multiprotein complexes are dependent
on its chaperone function.
In another example, closteroviruses are the only
known viruses that encode for an Hsc70 homolog. Clos-
teroviruses cause serious economic diseases in some
crop plants. They are positive-sense, single-stranded
RNA viruses that have long filamentous rod-shaped viri-
ons (Shaw, 1996). Their virions are complex and com-
posed of more than one type of protein. The Closterovi-
rus family, of which the beet yellows virus (BYV) and the
Citrus Tristeza virus (CTV) are members, encode for
Hsp70h (p65), a Hsc70-like chaperone protein. Hsp70h
has significant amino acid sequence similarity to the
ATPase domain of Hsc70 (more than 30%), but little
similarity to the more variable carboxyl-terminal peptide
binding domain (Agranovsky et al., 1991). In vitro assays
emonstrate that Hsp70h displays similar activities to
sc70, such as ATPase activity and the ability to asso-
iate with microtubules (Agranovsky et al., 1997; Karasev
t al., 1992). Using heterologous viral complementation
ssays, Agaranovsky and co-workers have shown that
xpression of Hsp70h may be important for efficient BYV
iral transmission (Agranovsky et al., 1998). Furthermore,
sp70h mutants in the ATPase domain are completely
efective for cell-to-cell movement of the virus, as as-
ayed by a recombinant virus expressing the green flu-rescent protein as a marker (Peremyslov et al., 1999).
ettuce infectious yellows virus, a closely-related virus,
lso encodes for an Hsp70h which associates with the
ature virion at very low levels—possibly implicating a
ole for this protein in virion assembly (Tian et al., 1999).
ecently, Satyanarayana et al. (2000) have demonstrated
role for Hsp70h in the virion assembly of CTV. Mutant
iruses unable to express Hsp70h, or encoding muta-
ions in highly conserved residues of the ATPase do-
ain, produce mostly small, improperly formed virions. If
hese defects in CTV assembly also occur in BYV, it could
xplain why BYV Hsp70h mutants are defective for viral
ell-to-cell movement. Thus, while Hsp70h does not ap-
ear to be a major component of the mature virion, it is
ssential for proper virion formation. This strongly sug-
ests that Hsp70h has a chaperone-like activity that is
esponsible for proper assembly of the two virion coat
roteins. However, it is not known what, if any, DnaJ
rotein stimulates the ATPase activity of Hsp70h. Addi-
ionally, it is not known if Hsp70h has other characteristic
haperone functions, such as the ability to bind to un-
olded polypeptides. Therefore, future biochemical anal-
sis is required to determine whether Hsp70h is a typical
naK homolog or whether it represents a new class that
nly utilizes the ATP hydrolysis mechanism of Hsp70
see Fig. 1).
Several different bacteriophages require the host-en-
oded chaperonin GroEL and its cochaperone partner
roES to assemble complete virions (reviewed in Ang et
l., 2000a). In fact, Phages T4 and pRB-49 encode for
heir own GroES homologues (Gp31 and CocO, respec-
ively). Even though these proteins are only weakly sim-
lar to GroES at the amino acid level (Gp31 is only 14%
dentical), structural and functional studies have shown
p31 and CocO to be bona fide GroEL cochaperones
Ang et al., 2000a; Marusich et al., 1998). Both GP31 and
ocO can replace the GroES requirement for phage l
growth and some protein folding functions (Ang et al.,
2000b). A key question still unresolved is why these
viruses encode for their own GroES homologues instead
of utilizing GroES. One possibility is that they form a
“special” larger cavity, that when bound to GroEL allows
for the viral capsid protein Gp23 to mature in a manner
that does not efficiently occur in the smaller cavity
formed by the GroES/GroEL complex (Marusich et al.,
1998).
Multiple and diverse viruses with either prokaryotic or
eukaryotic hosts utilize the host chaperone machinery.
Viruses accomplish this by directly encoding for chaper-
ones (such as SV40 T antigen), or by encoding for pro-
teins that recruit chaperone power (such as the phage l
P protein). The common viral usage of chaperones pre-
sents an interesting possibility that viruses, some of
which are under evolutionary constraints to keep their
genome to a minimal size, may utilize chaperones to
accomplish multiple tasks using minimal genomic
AA
A
A
A
A
B
B
B
B
B
B
C
C
C
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6 MINIREVIEWspace. In the case of SV40, this strategy has allowed a
small genome (,5 kb) to perform all the functions
needed for viral propagation by encoding for multitask
proteins which use their chaperone domains to disrupt
protein complexes, alter transcription, transform cells,
replicate viral DNA, and assemble virions.
Aside from addressing the enormously interesting
questions of how and why viruses evolved to utilize the
cellular chaperone machinery, the study of viral chaper-
one activities progresses with the hope of providing
therapeutic applications. For example, Hsc70 can en-
hance antigenic presentation as a peptide carrier, and
because it has been shown to interact with HIV-encoded
proteins, it is possible that this may provide a vehicle for
future vaccines (Brenner and Wainberg, 1999). Similar
approaches are already being undertaken for possible
cancer therapies (Jolly and Morimoto, 2000; Soti and
Csermely, 1998). Perhaps the best chance for deriving
therapeutic applications from viral chaperone research
will result from the cases where viruses encode for their
own chaperones. Because these proteins contain ele-
ments specific to the viral protein that are not present in
the host-encoded chaperones, it makes them good can-
didates for small molecule inhibition strategies. There
are already several chemical inhibitors of chaperones
that have been characterized (Brodsky, 1999; Fewell et
al., 2000; Scheibel and Buchner, 1998; Sharma et al.,
1998), which may serve as seeds for the development of
viral-specific inhibitors. Certainly more examples of the
viral-chaperone connection will emerge as more se-
quence and biochemical data are uncovered, providing
new functions of viral utilization of the chaperone ma-
chinery.
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